This research explored the performance of a fixed-bed anaerobic bioreactor system (FBR) using sulfate-reducing bacteria (SRB) from the sediment of Sikidang Crater in Indonesia. Indonesian natural zeolite was used as an inert medium in this bioreactor system. This bioreactor performance was analyzed based on its sulfate reduction efficiency, Cu removal, pH profile, SRB growth, and the changes in mineral composition of the zeolite surface. Based on a batch experiment, the FBR system was operated at 30 °C with a hydraulic retention time (HRT) of 7 days using a zeolite dose of 100 g/L. After its operation, a large amount of SRB (up to 1.5 × 10 5 cells/mm 2 ) was entrapped and presented in the zeolite. This bacterial consortium could reduce sulfate and copper by around 68% and 99.96%, respectively. In addition, the pH value of the bioreactor changed to neutral, which indicated a good performance of the operation. The result of the Energy-Dispersive X-ray (EDX) confirmed that copper removal was caused by the formation of copper-sulfide precipitation. Mapping also revealed that both copper and sulfur were precipitated at the same location.
■ INTRODUCTION
The elevated sulfate and metal content in acid mine drainage (AMD) can be very harmful to the environment [1] [2] . AMD is formed when sulfide minerals in mine spoils react with water and oxygen (H2O and O2) to produce acidic compounds that dissolve toxic waste containing metals and trace elements. Copper (Cu) is a potentially toxic metal that is harmful to most organisms where its concentration in AMD is very high [3] [4] . The toxicity of AMD could be reduced by conventional treatment techniques, such as ion-exchange, neutralization, and coagulation-precipitation [5] . However, these treatments require a large amount of chemicals, energy, and can be expensive.
Biological treatment using sulfate-reducing bacteria (SRB) has the potential to be used for the treatment of AMD [6] . The use of SRB has several advantages over conventional treatments as it is more efficient, relatively inexpensive, and more environmentally friendly [7] . SRB has the capability to reduce sulfate to sulfide, and then sulfide reacts with the dissolved metals forming insoluble metal precipitates [8] .
The fixed-bed anaerobic bioreactor system is one of the faster anaerobic treatment methods of industrial wastewater. This system is a generally accepted in the industry due to its stability and resistance to AMD. Several researchers reported that the characters of the support medium greatly affect the performance of the anaerobic fixed-bed reactor [9] [10] . The support medium provides a source of attachment for the bacterial biomass, acts as a bio-filtration bed, and helps prevent the washout of the biomass from the reactor. In addition, the SRBs attachment to the support medium promotes cell growth, a shorter generation time, greater products, and less inhibition products, and easier separation of the product and the medium [11] .
Previous research explored the properties of various supporting media, such as polyvinyl alcohol gel beads, ceramic, polyethylene, clay, and activated carbon [12] [13] [14] . However, recent studies showed that zeolite had good potential if applied to the fixed-bed anaerobic bioreactor system [15] . In addition, zeolite materials can be obtained in very large quantities from some areas of Indonesia [16] . Therefore, the utilization of indigenous bacterial consortium and Indonesian natural zeolite in the FBR system was very effective. These components were very suitable to be applied to tropical environments in Indonesia, and could also reduce the costs during the application process.
Previous investigations have also reported that the volume and the particle size of the support medium influenced the performance of the bioreactor [17] [18] [19] [20] [21] . This performance also depends on the hydraulic residence time (HRT). A long HRT induces high sulfate reduction efficiencies and complete oxidation of the electron donor used. However, a short HRT may decrease the time available for the SRB to metabolize the substrate perfectly and cause biomass washout from the bioreactor [22] .
Sediment from Sikidang Crater, located in Dieng Highland, Banjarnegara, Central Java, has unique physicochemical properties, such as pH values in the range of 2 to 3, a temperature between 30 °C and 100 °C, and high sulfate content. Therefore, SRB isolated from Sikidang Crater may potentially be applied to treat AMD [23] . It is important to evaluate the activity of SRB from the Sikidang Crater sediment attached to the Indonesian natural zeolite medium (as their inert support) within the FBR system. The purpose of this research was to explore the performance of the FBR using the consortium of SRB from the Sikidang Crater sediment using Indonesian natural zeolite as the medium. The performance of the bioreactor was analyzed based on the sulfate reduction efficiency, Cu removal, pH profile, SRB growth, and the changes in mineral composition of the zeolite surface.
■ EXPERIMENTAL SECTION

Materials
The SRB consortium used in this experiment was isolated from Sikidang Crater, Dieng Highland, Banjarnegara district in Central Java. The culture was incubated in a glass bottle with Postgate B medium at 30 °C. The medium consisted of the following nutrients (in g/L): 8 mL NaC3H5O3, 1.0 MgSO4, 0.5 NH4Cl, 1.0 KH2PO4, 0.1 FeSO4, 0.5 C6H8O6, 0.1 C6H12O6, 0.1 CaCl2, 0.5 Na2SO4, 0.1 yeast extract [24] . Previously, this medium was adjusted to pH 5 and aerated with nitrogen gas to regulate anaerobic conditions. Every 3 weeks, 20% of the SRB culture in the flask was replaced by fresh medium. After two months, a high density bacterial consortium was obtained. Modified Postgate B medium was used for batch and continuous culture experiments. In this experiment, 0.1 g of FeSO4 was excluded from the media to allow for the assessment of the Cu metals precipitation. This FeSO4 was replaced by 0.078 g of CuSO4·5H2O and 2.56 g of Na2SO4, which were added to the medium. The concentration of sulfate and copper (Cu) in the modified medium was 3000 ppm and 20 ppm, respectively.
The natural zeolite used as an inert support for the SRB was collected from a zeolite mine located in the Gunungkidul district, Yogyakarta, Indonesia. The zeolite chemical composition (in % w/w) consists of: SiO2 86.3%; Al2O3 13.7%; Fe2O3 2.4%; CaO 2.3%; MgO 0.4%; Na2O 1.7%; and K2O 1.8%. The mineral composition consists of clinoptilolite, mordenite, and montmorillonite. The diameter, surface area, pore volume, and pore size of the zeolite were 2-5 mm, 20.0 m 2 /g, 12.4 mL/g, and 23.8 Å, respectively. Impurities in the zeolite were removed by washing twice and soaking in deionized water for 24 h at 30 °C. After that, the zeolite was dried for 24 h at 80 °C and used as a support for the immobilization of SRB consortium cultures for both batch and continuous experiments [16] .
Instrumentation
Centrifuged (Eppendorf, 5810R) apparatus was used for the separation of bacterial cells and medium. For the analysis of sulfate and manganese removal, a spectrophotometer (Shimadzu UV-1601) and an Atomic Absorption Spectroscopy (AAS) apparatus (Hitachi, Z-2000) were used, respectively. The decrease in pH values in the bioreactor was measured using a pH meter (Metrohm). The characteristics of the biofilm and the copper interacted on the zeolite surface were observed using Scanning Electron Microscope -Energy Dispersive X-ray (SEM-EDX) (JEOL JSM-T300).
Procedure
SRB cultures
The SRB consortium used in this study was isolated from the Sikidang Crater sediment. About 50 g of wet sediment was transferred to a 1 L flask, which was then completely filled with Postgate B medium, sealed with a rubber stopper, and incubated in the dark at 30 °C. After 7 days of incubation, 200 mL of the culture was inoculated into a fresh medium at 30 °C for 7 days. This sub-culturing into the fresh medium was conducted repeatedly over 3 weeks to maintain a high density of SRB in culture.
Anaerobic batch experiment
The SRB consortium was inoculated into 450 mL of the modified Postgate B medium at anaerobic conditions. Five different doses of zeolite (20, 40, 60, 80 , and 100 g/L) was added to each batch of SRB culture and incubated at 30 °C for 14 days. This batch reactor setup was conducted in Erlenmeyer flasks, which were incubated in the incubator. During incubation, samples were collected at 0, 1, 3, 7, 10, and 14 days for further analysis. There were three replications for each of the treatment groups. Anaerobic batch experiments were carried out to determine the optimal zeolite dose and HRT for the anaerobic continuous experiment, which uses a fixed-bed anaerobic bioreactor.
Anaerobic continuous experiment
A continuous laboratory-scale fixed-bed anaerobic bioreactor system was used in this experiment, with Indonesian natural zeolite as supporting material. The bioreactors used in this study were constructed using plastic tubes with an internal diameter of 7 cm and a length of 67 cm (Fig. 1 ). The adherence of the active SRB biofilm onto the natural zeolite was carried out over one month. For this purpose the Postgate medium was inoculated with SRB consortium culture containing ~3 × 10 5 cells/mL (20% v/v) [25] . The modified Postgate B medium was used as a synthetic AMD and was fed into the reactor at a rate of 15.34 mL/h. This bioreactor was then operated with the optimal conditions (temperature, HRT, and zeolite dose) obtained from the batch experiment. At several time intervals (0, 1, 3, 7, 10, 14 days), 10 mL of a sample from both the batch experiment and continuous experiments were collected using a syringe. These samples were then centrifuged at 5000 rpm at 4 °C for 15 min to obtain the cell-free supernatant. The supernatant was analyzed for their sulfate and copper metal concentrations. Sulfate concentration was analyzed based on the turbid metric method at a wavelength of 420 nm using a spectrophotometer (Shimadzu UV-1601) [25] . To determine the dissolved copper concentration, the supernatant was acidified with HNO3 and measured through AAS using a spectrometer (Hitachi Z-2000). The pH samples were measured immediately without centrifugation using a pH meter (Metrohm). In addition, the pH during the operation of the bioreactor was also measured.
Characterization of developed SRB population
The SRB consortium in the batch experiments was taken and characterized during both the planktonic phase and the biofilm phase (after 1, 3, 7, 10, and 14 days). Up to 1 mL of the consortium was taken for the planktonic phase, which was diluted with 9 mL sterile water. Whereas, samples of the biofilm phase were collected by scraping 1 cm 2 of the zeolite surface using a sterile scraped and then suspended in 10 mL sterile water. The number of SRB consortium were then analyzed in the three-tube Most Probable Number assay with serial dilution [24] .
EDX analysis
EDX is a chemical characterization technique used in conjunction with scanning electron microscopy (SEM). JEOL JSM-T300 (environmental scanning electron microscope interfaced with EDAX digital controller) was used. Zeolite (mounted on an aluminum stub that had been covered by colloidal graphite and carbon tape) was placed in the SEM and analyzed under low vacuum mode by tilting to an angle of 15° toward the X-ray gun. A working distance of 10 mm and an accelerating voltage of 15 keV were used for all EDX analyses, and the EDX spectra were collected over 270 sec (i.e., live count time) [26] .
Statistical analysis
The data were analyzed statistically using SPSS (v. 20, IBM). A p-value of less than 0.05 was considered to be significantly different. The data were evaluated using oneway ANOVA, followed by a post-hoc Duncan test to analyze the significance of differences across the treatments.
■ RESULTS AND DISCUSSION
Effect of Natural Zeolite Doses on the pH Change, Sulfate Reduction and Cu Precipitation in the Batch Experiment
For the batch experiment, the effects of zeolite dosage on pH, the removal of both sulfate and Cu over time are presented in Fig. 2 . Sulfate removal, pH change, and Cu removal are sequential processes that developed during SRB metabolism. The SRB oxidize simple organic compounds, such as lactate, acetate, butyrate, and other fermentation products under anaerobic conditions using sulfate as a terminal electron acceptor. The sulfate is then reduced to hydrogen sulfide and bicarbonate. Hence, this bicarbonate neutralizes the acidity of the medium and produces hydrogen sulfide, which reacts with dissolved copper to form insoluble copper sulfides (CuS) [27] .
The zeolite doses had significant effects on SRB activities (p < 0.05). The optimal condition was observed in a zeolite dose of 100 g/L. These observations were consistent with previous investigations [16] . For other bacterial groups, zeolite also plays a role as an adsorbent media in the batch reactor, causing an increase in NH4-N adsorption capacity that impacts on nitrogen transformation and microbial abundance [28] . Another study reported that a moving bed biofilm reactor (MBBR) using simultaneous bacteria nitrification and denitrification (with zeolite powder-based polyurethane sponges as bio-carriers) could remove 10% more total N in wastewater compared to conventional MBBR [29] . Zeolite also increased methane production by 32 to 97% in the hydrothermal liquefaction processes. Whereas, in laboratory scale investigations over 60 days, swine manure was digested anaerobically using a natural zeolite dose of 40 g/L that produced the highest amount of methane [30] .
During the experiments, the removal of sulfate was followed by an increase in pH and a decrease in Cu concentration. The zeolite increased the pH value significantly, which reached a neutral condition in 7 days of operation. Moreover, the Cu concentration decreased significantly after 1 day of operation (p < 0.05), and its removal efficiency was around 99.96%. The faster Cu removal after 5 min of operation was also reported by Janyasuthiwong et al. who found removal efficiencies of more than 95.0% [31] . A similarly high Cu removal rate of around 99% was also reported by other researchers [32] .
Effect of Natural Zeolite Doses on the Growth of SRB Consortium in the Batch Experiment
It was demonstrated that the SRB consortium developed planktonic and biofilm phases in the bioreactor system. As shown in Fig. 3 , the bacterial cell number was higher with zeolite addition than without (p < 0.05). This difference was caused by the growth of the biofilm phase, which was shorter compared to the planktonic phase. In addition, the biofilm phase had a shorter lag phase that was observed within 1 day of incubation. In comparison, the planktonic phase was observed at 7 days of incubation. Therefore, the SRB consortium in the biofilm phase was more adaptive to the new environment and the stressful conditions [33] . This phenomenon was observed in previous research The effect of different zeolite doses on the growth of SRB consortium in the batch experiments, (a) planktonic phase, (b) biofilm phase. The treatments of D1, D2, D3, D4, and D5 represents zeolite doses of 20, 40, 60, 80, and 100 g/L, respectively, whereas the control (C) was without zeolite addition investigating the formation of the biofilm phase with Streptococcus mutans, which was shorter than the planktonic phase. This was due to microorganisms that formed biofilm had several favorable responses in the system. Hence, the microorganisms had higher active biomass, tolerance to toxic compounds, and greater plasmid stability of microbial genes [34] .
A large amount of the bacterial biomass was entrapped and attached to the zeolite surface as a biofilm. The highest density of cells was measured at 1.5 × 10 5 cells/mm 2 . This highest number was observed at zeolite doses of 80 and 100 g/L. However, a zeolite dose of 100 g/L was more adaptive compared with a zeolite dose of 80 g/L.
The Performance of Fixed-bed Anaerobic Bioreactor Experiments
In the continuous experiments, the pH value and copper and sulfate concentrations were measured at various times over a period of 7 days under optimum conditions (30 °C) . As demonstrated in Fig. 4 , the performance of the bioreactor treatment with a zeolite dose of 100 g/L was more effective compared to the After 7 days of operation, the sulfate concentration of the reactor treatment with a zeolite dose of 100 g/L declined sharply to 920 ppm with 68% removal efficiency, whereas the sulfate concentration of reactor treatment without zeolite was 1848 ppm with 38.4% removal efficiency. These sulfate reduction processes generated hydrogen sulfide and bicarbonate. The bicarbonate neutralizes the acidity of the medium in the bioreactor [25] .
The pH values measured after 7 days of operation with a zeolite dose of 100 g/L and without zeolites were 7.0 and 6.61, respectively. In these reactors, hydrogen sulfide reacts with dissolved copper to form insoluble CuS. Consequently, the Cu concentrations were diminished. The Cu concentration of the reactor treatment with a zeolite dose of 100 g/L was almost completely diminished (99.96%). On the other hand, in the reactor treatment without zeolite, Cu the concentration was reduced by 72.35%. These decreases of Cu in the aqueous solution were followed by the accumulation of Cu in the biofilm surface. The Cu accumulation process on the zeolite surface was dominated by metalloid precipitation caused by the activities of the SRB [35] . In addition, the biofilm extracellular polymeric substances of SRB could entrap the metal sulfide particles [36] .
A previous study reported that acid wastewaters at a sulfate loading rate 88 mg/L/h containing 100 mg/L Cu could be remediated by SRB in a fixed-bed anaerobic bioreactor with a metal removal of 94% [37] . The tolerance to heavy metals, pH value, heavy metals, and sulfate removal of immobilized SRB beads was also reported to be significantly enhanced compared with planktonic SRB when the bioreactor was fed with acidic medium containing multiple metals [38] . Another study reported that Indonesian natural zeolite was good inert material for SRB in a laboratory-scale down-flow fluidized-bed reactor. After 9 days of operation, the pH changed to neutral, and sulfate and manganese reduced to 23% and 15.4%, respectively [16] .
SEM-EDX Analysis
The composition of the metal precipitates that were accumulated on the surface of zeolite in the bioreactor was determined by SEM-EDX (Fig. 5) . The biofilm developed on the support material was investigated after 7 days of incubation. The analysis revealed that Cu was entrapped in both the biofilm and zeolite surface. This observation implies that the metal removal process mainly occurs via sulfide precipitation. The EDX spectra of spots on the zeolite surface revealed the predominance of copper and sulfur at the same precipitation location. This result proved that copper sulfide had been precipitated on the zeolite surface. In addition, this precipitation was confirmed by the results As reported previously, bacterial biofilms could decrease heavy metal pollution in wastewater by several mechanisms, including biosorption, precipitation as sulfides or phosphates, and bacterial reductive precipitation [39] . Therefore, the precipitation process decreased the Cu concentration in the bioreactor. This precipitation was caused by the reaction between Cu and the sulfide produced by SRB. This Cu removal mechanism via CuS precipitation in the SRB biofilm was consistent with previous studies [40] . This precipitation was also reported to be an efficient method for separating toxic metals from wastewater due to the very low solubility of CuS [41] .
■ CONCLUSION
The optimal performance of the fixed-bed anaerobic bioreactor was obtained by operating at 30 °C with HRT over 7 days using SRB consortium from Sikidang Crater sediments and a zeolite dose of 100 g/L. The bioreactor could reduce sulfate and Cu concentrations by 68% and 99.96%, respectively. The SRB biomass formed a biofilm on the zeolite surface. Based on the Energy-Dispersive Xray analysis (EDX), the Cu precipitate was in the form of CuS. In addition, EDX mapping of both Cu and S elements showed that they were precipitated at the same location in the biofilm section.
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